In the course of a light and electron microscopy study of spermatogcnesis in the European crayfish, Astacus fluviatilis, spermatocytes of abnormal appearance were observed in two instances in individuals that had passed the mating period. The electron microscope showed that the inner membrane of the nuclear envelope of these cells was erupting into a mass of microtubules, 15 to 18 nag in diameter and 0.5 # or more in length, while the outer membrane transformed into cytoplasmic vesicles. Stages in the formation of these novel processes were followed. The plasma membrane of the affected cells was seen in some cases to erupt into similar although shorter microtubules. It is concluded that the phenomenon is part of a degenerative process in which the spermatocytes are being absorbed by sustcntacular cells. It is suggested that the observations provide further evidence for a fundamental functional as well as a morphological similarity between the membranes bounding the nucleus and the plasma membrane.
INTRODUCTION
Observations on the nuclear envelope have shown many cases both in plant and animal matcrial in which the outer membrane of the nuclear envelope is continuous with the membranes of the endoplasmic rcticulum (ER) (for reviews, see Palade, (1) and Portcr, (2) ). It is further believed by some workers (3) that the outer membrane of the envelope is continuous with the plasma membrane via the membranes of the ER; if this is so, then the intermembrane space is in direct connection with the external environment of the cell. During both meiosis (4, 5) and mitosis (6) , the nuclear envelope in late prophase has been observed to detach in the form of flattened sacs, or vesicles, indistinguishable from the vesicles of the ER. These vesicles persist during anaphase, and at late telophase reform themselves around the chromosome mass as a regenerated nuclear envelope (4) (5) (6) (7) . Such observations have, to quote Watson (8) "... led to the idea that the nuclear envelope is a specialized cytoplasmic structure and that it is not properly part of the nucleus."
During the last few years a very large number of observations on the nuclear envelope in a great many cell types have shown that the inner and outer membranes of this structure are perforated by pores and are thus continuous at these sites (8) . It may be reasonable, therefore, to suspect that the membrane substances of both components of the nuclear envelope have at least some properties in common and that these resemblances probably extend to the material of the ER membranes and the plasma membrane. If this is so, then all these membranes might exhibit similar potentialities for forming specialized structures, e.g. microvilli, given the correct physiological stimulus.
Microvilli have been demonstrated as a specialization of the plasma membrane in a great many cell types, notably absorptive epithelium. The smallest we have found recorded are those of the proximal tubule of the frog, which are about 25 m/~ in diameter (9) . The E R membranes have been shown to be capable of forming tubules of approximately the same order of diameter in salamander spermatocytes (Moses, unpublished) , in the acrosomal complex of the crayfish sperm (10) , in pseudobranch gland cells of a teleost fish (11) , in pigment cells of frog retina (12) , in plant cells (13), and in a complex cytoplasmic structure in spermatocytes of the American crayfish Cambarus virilis (23) . Tubules about 40 m/~ in diameter connecting the outer nuclear m e m b r a n e with the parabasal apparatus in a protozoon have been described (14) . There has been no previous description of the differentiation of the inner membrane of the nuclear envelope into tubular structures. This paper describes tubules 15 to 18 m # in diameter and sometimes exceeding 0.5 # in length, which have been observed to extend from the inner m e m b r a n e of the nuclear envelope of crayfish spermatocytes which are probably in the process of being absorbed by sustentacular cells.
M A T E R I A L S AND M E T I I O D S
Three adult male specimens of the European crayfish Astacus fluviatilis were obtained from a stream in
Electron micrograph of a relatively thick section through the nuclear envelope (ARE) of a primary spermatocyte of Astaeus at diakinesis, immediately preceding tubulation of the inner nuclear membrane. The envelope is thick, dense, and irregular in contour; the inner and outer membranes cannot be distinguished. An oblique section (arrow) shows circular profiles about 12 m y in diameter.
The chromosome (C) is cut transversely and shows a core of low density containing three structures (AC) that are probably derivatives of the axial complex. The granules associated with the chromosome at (G) are an accumulation of dense particles which are scattered throughout the nucleoplasm (NS) at earlier stages. Film. >( 70,000.
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Thin section of the earliest stages in the development of tubules from the inner nuclear membrane.
Cy, cytoplasm; Nu, nucleus. At (A) the nuclear envelope presents a normal appearance--pores are less frequent at this stage; at (B) the scalloped appearance results from periodic differentiations along the inner membrane leading to the formation of small blebs which at (C) have extended into short tubules projecting into the intermembrane space. The outer membrane is unaltered; it has curved into the plane of the section at (C). Plate. X 31,000. 
O B S E R V A T I O N S
Sections of the blocks of testis and vas of Astacus fluviatilis were examined by phase and electron microscopy for various stages of spermatogenesis.
No mature sperm were found in either the vasa deferentia or the testis of any of the three individuals examined, indicating that mating h a d been completed. This is consistent with information in the literature (18) that mating occurs in July and August. In the light microscope, the testis presented a normal a r r a n g e m e n t of lobules (19) containing only spermatogonia and primary spermatocytes together with sustentacular cells.
Because no later spermatogenic stages were found, it was assumed that the testes were in a "resting" condition, prior to a new wave of spermatogenesis. The spermatocyte nuclei appeared to be in midto-late first meiotic prophase. In the electron microscope the nuclei showed the chromatin to be formed into chromosomes with well defined three-stranded axial complexes (20) . The nuclear envelope was composed of two apparently normal membranes occasionally connected by pores and separated by a small (ca. 30 m#) i n t e r m e m b r a n e space. The nuclear sap was less dense to electrons 1 than the chromatin clumps and contained scattered dense irregular granules 10 to 30 m/~ in diameter. The cytoplasm was filled with m e m b r a n e material and showed frequent very well developed annulate lamellae (21) closely associated with a regular end-to-end arrangement of small E R vesicles. In a few blocks of testis material from two animals, however, cells were found which appeared by phase microscopy to be in early diakinesis. W h e n examined in the electron microscope, the nuclei of these cells showed well defined chromosomes with a core of low density containing structures probably derived from the axial complex ( Fig. 1, AC) . This organization has been observed to be characteristic of primary 1Henceforth in this paper, "dense" refers to density to electrons. FIGURE 3 Primary spcrmatocyte at a slightly later stagc than Fig. 1 . Thc inner membrane (IM) of the nuclear envelope has now erupted into tubules along most of its surface; the outcr membrane (OM) has liftcd out into the cytoplasm. At the arrows, tubules have not formed and the two membranes arc still in apposition. The chromosomes (C) still show a hollow core, but the axial complex derivative is no longer visible in this nucleus. Dense granules (G) are scattered throughout the nucleoplasm and are beginning to accumulate around the chromosomes. Film. X 20,000. spermatocyte bivalents at late prophase, particularly in crayfish (5 and Moses, unpublished). At this stage, the nuclear sap becomes relatively less dense and the dense granules which were scattered throughout at earlier stages increase in size and tend to aggregate around the chromatin. These have no apparent connection, however, with the m e m b r a n e tubulation about to be described. In some regions, the nuclear envelope, containing occasional pores, has a normal appearance. But in other regions, the membranes appear dense and the inner m e m b r a n e contains substructures which in tangential section are seen as numerous circular profiles or microannuli, about 12 m# in diameter (Fig. 1, arrow) , much smaller than normal pores. Very thin sections perpendicular to the nuclear envelope show some areas on the inner m e m b r a n e where small blebs or blisters are forming (Fig. 2, B) and still others where short tubules have developed (Fig. 2, C) . The microannuli are probably tangential sections of these blisters, since they are of the same diameter as the tubules which seem to form as extensions of the blebs.
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These tubules are outgrowths of the inner m e m b r a n e of the nuclear envelope, and give the appearance of pushing the outer m e m b r a n e out into the cytoplasm (Fig. 3) . Except for dense 15 m/z granules similar to the ribonucleoprotein particles often associated with the nuclear en-velope and ER, there are no distinguishable modifications of the outer membrane. The intermembrane space increases in width to 0.5/~ or more as the microtubules elongate. The tubules, which show circular profiles in crosssection (Fig. 4, single arrow) , are 15 to 18 m/~ in diameter and are bounded by a m e m b r a n e about 2 m# in thickness. They appear to be closed at the distal end (Fig. 4, double arrows) and to be continuous with the inner nuclear m e m b r a n e at the proximal end (Fig. 3 and 4, IM) . The lumen is slightly more dense than the surrounding material which fills the intermembrane space. In some micrographs the impression might be gained that a denser substance in the lumen extends a short distance into the nucleoplasm (Fig. 4) . However, this effect is probably due to oblique sectioning of the i n n e r m e m b r a n e (Fig. 4, IM) . The density of the tubule contents can be accounted for as scattering by the tubule wall. As far as can be determined, the nucleoplasm extends into the lumen of the tubules as judged by the funnel-like profiles at the junction of tubule and membrane. Tubulated parts of the envelope are occasionally separated by normal, paired regions containing pores (Fig. 5) .
As tubulation progresses, it is accompanied by a breakdown of the highly oriented vesicular E R and associated ordered stacks of annulate lamellae that are characteristic of the immediately preceding stage. The annulate lamellae disappear, the E R vesicles coalesce into structures with larger profiles, and the cytoplasm adjacent to the nucleus becomes emptied of m e m b r a n o u s structures. The
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Thin section of tubules at higher magnification. Shown also are the nuclear sap (NS) containing granules (G), the inner membrane (IM) cut somewhat obliquely, and a membrane-bounded vesicle (V) in the cytoplasm which was probably derived from the outer nuclear membrane. In cross-section (arrow) the tubules are 15 to 18 mt~ in diameter. In places (double arrows) the tubules appear to have closed, bulbous ends. The vesicle (V) appears to contain tubules, visible in cross-sections. Section stained with KMnO~. Plate. X 100,000.
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FIGURE 5
A section perpendicular to the nuclear envelope at a point where two pores (P) and possibly a third, have persisted, and there has been no formation of tubules on the inner membrane ( I i ) . The large membrane profiles in the cytoplasm (VOM) are vesicles which are probably formed from the outer membrane of the nuclear envelope (OM) which has peeled away from other regions of the nuclear surface. At this point the outer membrane is intact but cut obliquely. Plate. X 75,000. nuclear sap becomes less dense, but still contains the very dense granules. The chromosomes lose their well defined axial complexes and resemble the chromatin masses of mitotic prophase. The outer nuclear m e m b r a n e is generally studded with granules which become more dense when the section is stained with permanganate and are presumably R N P particles. It lifts away from the tubulated inner membrane and coalesces into vesicles indistinguishable from the vesicles of the FIGURE 6
A section of a cell in which only vestiges of the outer nuclear envelope with associated small particles can still be seen (arrows). The numerous vesicle profiles studded with small particles (V) in the cytoplasm close to the nucleus appear to be derived from the outer membrane of the nuclear envelope as indicated by the fact that several contain tubules (double arrows). A mitochondrion (M) presents a less well organized appearance than at earlier stages. The chromatin lumps (C) no longer have hollow cores, and the dense granules are disposed throughout the cytoplasm, often in aggregates (G). The inset shows an area (starred arrow) at higher magnification in which granule-studded outer membrane with possible free edges (FE), seen in tangential section, is being shed into the cytoplasm. Section Stained with permanganate. Plate. X 30,000. Inset Plate. X 75,000. A section close to the nuclear envelope of a tubulated spermatocyte nucleus, showing the characteristic "bearded" appearance (B) of the inner membrane tubules when sectioned tangentially. Two nuclei (N1 and N~) are present in a syncytium separated by vesicular cytoplasm (C). Section stained with KMnO4. Plate. X 24,000.
ER. As the outer nuclear membrane breaks away, what appear to be free edges are sometimes seen before the completion of the vesicles (Fig. 6,  inset) . The granules on the cytoplasmic surface of the outer membrane persist on the cytoplasmic surface of the formed vesicles, which are frequently seen to contain parts of tubules. This suggests that tubules are pinched off by the outer nuclear membrane as it folds into vesicles (Figs. 4 and 6) . The appearance of the few mitochondria present changes markedly at this stage, the cristae becoming tubular as they are in Paramecium (22) . However, the tubule diameter (50 m~) in this case is much larger than that of the inner membrane microtubules. Mitochondria are in fact identifiable only by their double envelope and the tubules they contain (Fig. 8, M) . Such tubulefilled mitochondria are also similar to those seen when the cytoplasm of normal late spermatids is engulfed by sustentacular cells (10) .
The microtubule length at this point reaches its maximum, and oblique sections through parts of the inner nuclear membrane present a wildly "bearded" effect (Fig. 7) . The cell membrane ruptures and in places it also becomes covered in short microtubules which are very much less extensive than those of the inner nuclear membrane (Fig. 9) . The inner membrane of the nuclear envelope ruptures at this point, often folding back upon itself (Fig. 8, arrows) , and apparently disintegrates into a mass of tubules, which may pinch off and give rise to the fine granular material seen close to the nucleus (Fig. 8) . The appearance of the nucleus at this stage is also suggestive of a degenerative process not at all like the normal consequence of meiotic prophase. The contents become homogeneous and the identity of the chromatin masses is lost, although the dense, interchromatin granules remain behind (Fig. 8, G) .
FIGURE 8
The presumptive latest stage observed in which only the tubulated inner nuclear membrane (IM) is still present. Cells at this stage are frequently seen as syncytia, together with sustentacular cell nuclei.
The nuclear sap (NS) has become denser with the ehromatin masses now distributed homogeneously throughout the nucleus. The accumulations of dense granules (G) within the nucleus persist. Large ruptures (arrows) appear in the nuclear membrane, which curls back on itself. The vesicles (V), some of which contain tubules, appear to be breaking down into smaller profiles. The cristae of the mitochondria (M) also appear to be forming into larger tubules. Film. X 9000.
The cytoplasm now presents a less organized appearance. The vesicles of the E R migrate away from the nucleus, leaving a band of homogeneous fine granular material around the rupturing nuclear m e m b r a n e (Fig. 8) . Multivesicular bodies, resembling those seen when the cytoplasm of normal late spermatids is engulfed by sustentacular cells (10) , form in the peripheral cytoplasm (Fig. 9, MV) . These may be derived from the tubule-containing vesicles which are in turn derived from the outer nuclear membrane. At this stage, the spermatocytes are frequently seen as a syncytium of three or more nuclei, often in close contact with a normal sustentacular cell nucleus. Examination of sections at this stage in the light microscope indicates that the entire lobule is a virtually complete syncytium. Subsequently, the spermatocytes are presumably completely engulfed and degraded by the sustentacular cells.
D I S C U S S I O N
During the normal process of spermiogenesis, the cytoplasmic components that are not required by the developing spermatid are absorbed by the sustentacular cells. In the present case, the animals had finished breeding (18) , as evidenced by the complete lack of sperm in the vas deferens, and the testis was thus completing its cycle. It is not clear whether the resorption of spermatocytes by the sustentacular cells is aberrant in the individuals FIGURE 9 A section perpendicular to the plasma membranes (PM) of two cells, both of which had tubulated nuclci. Note the formation of microtubules in the space between the plasma membranes, and the multivesicular (MV) bodies in the cytoplasm. Plate. X 23,000.
observed or whether it is part of a normal process by which a fresh cycle of spermatogenesis can begin again from new spermatogonia. In any case, the changes in the fine structure of the cytoplasmic organelles--mitochondria, ER, etc.--bear a marked resemblance to the changes which take place in engulfed cytoplasmic material in spermatids (10) . During the normal development of the crayfish spermatid, there is a remarkable and elaborate differentiation of the nuclear envelope at the point where the spermatid cell membranes break down and the sustentacular cells invade and engulf the cast-off cytoplasm (10) . The most important point common to both changes is that there is an elaboration of the nuclear membrane material. There is no evidence to suggest what triggers the formation of the microtubules or where the mass of membrane material that must go into their formation comes f r o m .
As is also characteristic of microvilli extending from the cell membrane, the tubules have not been seen to branch or anastomose; they appear to grow straight out from the inner membrane, their lumens continuous with the nucleoplasm. As has been noted above, at high magnification and particularly in longitudinal sections, the microtubules appear to be denser than the surrounding cytoplasm (Fig. 4) . This is probably due to increased density contributed by tubule membrane and the fact that a complete tubule can lie within the section. There also appears to be a layer of denser nucleoplasm immediately adjacent to the inner membrane (Fig. 4) and continuous with the lumen of the tubule. This has been explained as being due to tangential sectioning. The two dense lines at either edge of the inner nuclear membrane seen in Fig. 4 , however, can be interpreted in two ways. One interpretation is that, after the original outer membrane has become obsolete, the single inner membrane actually splits into two closely apposed membranes with material of medium density lying between. It is conceivable that the duality of the nuclear envelope is maintained in this way. The tubules would then form from the outer of these two new membranes. The second interpretation is that the image seen in Fig. 4 is of a single membrane, viewed obliquely in many places, in the same way as the cytoplasmic membrane (VOM) in Fig. 5 , which shows the same effect, is clearly a single membrane viewed obliquely. We prefer the latter interpretation.
A consequence of the shedding of the outer nuclear membrane is the formation of free mere. brane edges (Fig. 6, inset) . This is of interest since single membranes with free edges are not seen except in instances of preparatory damage. Presumably, though, free edges must occur at some stage during the formation of vesicles from the outer membrane, because pieces of tubule are undoubtedly cut off and included within the vesicles. It is also interesting to note that the granule-bearing side of the outer envelope, which is in contact with the cytoplasm, remains the granule-bearing cytoplasmic face of the vesicles. This implies that differentiation between "inside" and "outside" surfaces is maintained.
If the environment external to the plasma membrane is similar to that in the intermernbrane space (via the cavities of the endoplasmic reticulure), it would be reasonable to expect that tile surface of the inner membrane away from the nucleus, (i,e. the surface facing on the intermembraHe cavity), also has some characteristics in common with the external surface of the plasma membrane. That this is actually the case is suggested by the fact that both membranes produce tubules at the same time. That they do
